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SYNOPSIS 


Studies have been carried out to find the effect of 
thermal-cycling on the structure, mechanical properties and 
texture of a dual-phase steel . For this purpose, a C-Wn-Si-V 
dual-phase steel was melted, forged and homogenised, followed 
by 60% deformation at room temperature, some of the cold- 
deformed materials were given intercritical annealing at 810°C 
for 5 minutes and 30 minutes to generate dual-phase structures. 
The two dual-phase structures and the cold-worked materials 
were then thermally cycled using two different routes - Type-I 
and Type- I I. Crystallographic textures of the cold-deformed 
and thermally-cycled materials were measured using the conven- 
tional pole figure as well as the orientation distribution 
function (Q.D.F.) methods. In addition, structural character- 
isation of the initial and thermally cycled steel samples was 
carried out using optical and scanning electron microscopy. 
Limited mechanical property measurements were also done. 

The best grain refinement has been obtained by subjec- 
ting the dual-phase structure (produced by annealing at 810°c 
for S minutes) to the Type-I cycle. The optimum number of 
cycles has been found to be ten. Hie U.T.s. and percentage 
elongations are found to be not much different for all the 
thermally cycled materials. Increasing the number of cycles 
leads to a higher *n ’-value in case of Type-I thermal-cycling 
treatment. The general intensity of the texture of the 



cold-worked materials is low and is found to consist of two 
weak components {111} <112> and fill! <11 0>. Hie textures of 
the cold-worked and thermally cycled materials are found to be 
remarkably similar and this suggests that recrystallization 
during thermal-cycling takes place by an in-situ mechanism. 

Hie materials, on thermal-cycling by either of the two processes, 
seem to possess some kind of texture memory. Hie results have 
been critically analysed and an attempt has been made to explain 
the various phenomena. 
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CHAPTER I 


in ti'oduction 


wVcr tne post few decodes, the automobile manuf ae tur*?r c * s 
target nas oeen w«.*iyn t saving and energy conserve) tion • This has 
resulted in the development of a numdex. ot routes to manufacture 
low-cost, r.lgh strength steels with good t or m ability . 

earlier, plain, low-curoon steels cold-rolled to thick- 
nesses up to 2 iua or hot-rolled to thicker gauges were used. now- 
adays, with tiie use or higner strength steels, the usable sneer, 
metal tnickn esses could be reduced anti tne re would toe sigr.it icant 
reduction in tne weiynt ot tne automobile . 

in order to met t these requirements the effort previously 
was to develop high strength steels, like microalioyed controlled- 
rolled steels, high strength low alloy i.e. CH.S.L.-A.) steels or 
some other variety. But these steels suffered from two major 
problems _ cuey lacked dynamic stiffness and had a poor formabi- 
lity • Among these, the H.S.L.A* steels have a high yield strength 
and in spite of their not so good formability characteristics, 
they are used in significant quantities in the current models of 
many automobiles. The problem of poor formability of H.S.L.A, 
Steels has recently been overcome by the use of duel*phese steels, 
discovered around 1975 [ l]. 

The dual-phase steels consist essentially of ebout 80-90% 
low Cr ferrite and 10-20% of a .mostly. marten- 

site, dispersed in the 4£g«g^- r kittle amounts of 

retained austenite stay .also be 



present as minor constituents. Compared to the conventional 
jl.o.u.i'. steels, the dual .phase steels were expected to nave 
better rormeoiiity characteristics due to their low initial 
yield strength, continuous yielding oensviour, high work-hard- 
ening rate at trie early stages or straining and a rather large 
total elongation bet ore rrncture. 

ina dual-phase structure in steers may be produced by 
annealing cither not or cold- roiled strips at a temperature in 
the two phase C-x i r) region ot the equilibrium diagram, 

followed by cooling at a rate which ensures that the y phase 
transforms to martensite. The one most important property of 
dual-phase steels that has been found to be inferior to that of 
conventional steels used in the automotive industry is the deep 
drawabiiity. The r values (.which give an indication of the 
deep drawabiiity characteristics) of dual— phase steels produced 
by intercr itical annealing, have been found to be around 1.0 
rhoro-r for some killed steels it can be as high as 1.6 to 1.3 
or ■ even more. . 

The aim of the present, investigation is to develop dual- 
phase steels with . An, -.rov'd £ value-- r.o that the su, frlor 
ureal proper ties o.. fh- .ro steels such as high strength and large 
uniform aiid total elongation can be taken advantage of. It is 
known that tne r values in a sheet steel can always be associa- 
ted with the presence or a strong ill 11 fibre texture in the 
material ( 2j . hence, attainment ot high r values in sheet 
steels can ultimately be linked to the ease of nucleetion and 
grow tli of till] oriented grains in. the .sheet material, in the 
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past a number of dual-phase steels have been thermomechanically 
processed and their micro structures and textures developed 
through cold-work and subsequent recrystallization [3]* This 
has led to some improvement of the £111 J texture and hence imp- 
rovement of r values* However, this improvement is not very 
significant and, therefore, other ways and means need to be 
looked into, in order to produce even better results. It has 
been quite well known [4] that thermal cycling of steels produces 
a finer grain size leading to improved mechanical properties. 

It can be assumed that if the starting material is in the cold- 
deformed condition, subsequent thermal cycling may produce even 
finer grain size than otherwise obtainable. In addition, ther- 
mal cycling, in this case, is also expected to have an important 
effect on the texture of the starting cold-rolled material. 

Since some amount of £llli texture is always produced in steels 
by cold-rolling, it may be worthwhile to study the effect of 
thermal cycling on these steels from the point of view of pro- 
ducing desirable textures in them. It was with this idea that 
the present work was undertaken* 

For this purpose a c-Mn-si-V dual phase steel was melted, 
forged and homogenised, followed by 60 % deformation at room 
temperature, some of the cold-deformed materials were given 
intercritical annealing at 810°C for 5 minutes and 30 minutes 
to generate dual-phase structures. The two dual-phase struc- 
tures and the cold- worked materials were then thermally cycled 
using two different routes. Crystallographic textures of the 
cold-deformed and thermally cycled materials were measured 
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using the conventional pole figure as well as the orientation 
distribution function (O.D.F.) methods. In addition, structural 
characterization of the Initial and thermally cycled steel 
samples was carried out using optical and scanning electron 
microscopy. Limited mechanical property measurements were also 


done 
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CHAPTER II 





>1 


2 . 1 Hi s f '.prj.c el gcvelqp.’ten t 

t'eri orwance requirements resulting from the car manufac- 
turer ' a targets of weight caving and ont rgy conservation resulted 
in a nuraoer ox routes to develop low-cost, hiyn-streng th steels 
with good torinaoility . Previously, hign strength steel's, such 
as nticroeuloycd controlled- rolled, high strength low alloy i.e. 

Ul. w.aj. A. j steels I 1, 5, o j or some o trier variety were developed 
to cater the hoove requirements, out the- sc high strength steels 
s uttered from two major problems oi dynamic stiffness and poor 
rormod.il icy and so the i ormabii ity problem oi the H # & « h 0 A « s te el s 
was tried to be overcome by the development of "dual -phase* steels. 


The major constituents of dual -phase steels are 80-90% low carbon 
ferrite and 10-20% oi a hard second phase, mostly martensite 
while the minor constituents that may also be present are little 
amounts ox retained austenite and some low-ccrbor bainite. The 
characteristic error -ties ox the dual-phase steels are conti- 
nuous yielding behaviour, relatively low initial flow stress, a 


high ultimate tensile strength and very rapid end sustained work- 


giving rise to high 


elongation. Hot- roiled or 


cold- roiled steel strips when annealed at ; temperatures in the 
two-phase i'l ■}■■ Y , rc-gic-h. ox the Fe-C equilibrium diagram, foll- 
owed by cooling &t rate* which ensure that the remaining 7-phase 
transforms to martensite, give a dual-phase structure. Hay ami 
and Furuxawn t i 4 were the first to demonstrate superior 



€ 


lorn: ability | 

3 roper t j 

.es of the' dunl-phas 

e steels by 

performing 

U. C ty ^ il X 3 . W ill vjf 

tests. 

At this time sever' 

si p) sr a i i c J. 

d e ve 1 opme n t s 

^ o* 3. t j j >* x o wi x c 

3 a jU a . . 

microstructures in 

steels wrier 

" fc 1 1 i ! ci V 1 Kf Xi 1 i tri S O 

is trie main € 

iieraen t 

retarding diffusion. 

-controlled 

tree si arms- 


tion ox austenite. silicon and chromium were found to control 
hardenabii i ty so that addition of silicon, chromium and manganese 
produced cu< - re structures tty box- anneal iny . With t - xueu 
ox restricting ferrite grain growth and having sutiicien t hard- 
enabii ity or austenite formed during intercritical annealing, 
the c on t rol 1 ed- rolled microailoyed H.b.L.A. steels have been 
considered to be suitable starting materials in producing dual- 
phase steels. si ash id [9, 11 J found that the required harden ab- 
ility was furnished by adding a small concentration of vanadium 
while Morrow and co-workers [1U-12] observed the same effect 
with the; addition of a very small amount of molybdenum. Demons- 
tration, that a high strength dual-phase steel with a total 
elongation as high as 30% can be obtained in GM-98QX-V [9, 11 j 
containing very small amount of V in addition to substantial 


amounts of the solution strew e'-' ,ners like r,n (1*5%) and i»i 


CO. 5%) was demonstrated by Rashid [11]. With similar concentra- 
tions of Mn and Si, Morrow and co-workers successfully developed 
micro-alloyed dual-phase steels containing Mo. But it has been 
round 'that steels containing V have superior mechanical proper- 


round that steels containing V have superior mechanical proper- 
ties as compared to those Containing ub and/or r»o [ 10] . high 
work-hardening rate, good press form ability and spot weldability 
have been reported by Motsouke and Yam amor i [ 1 3 j in a manganese- 
bearing steel with similar dttfcl -phase properties. The cyclic 







was used by *.oo and Thomas [ 15-17 j to produce dual-phase proper- 
ties in e few mn-Si-Cr steels. The dependence of the strength 
or duel-phase steels on the ferrite grain size and tne volume 
fraction of martensite was found by bavies [l3-22j while stud- 
ying the properties of dual-phase structures in a variety of 
pe-iin-C alloys. 

hi ternatively , dual-phase steels can oe produced by 
controlling the cooling rate after hot rolling in the mills. But 
the elements added to control harden ability need to be more sele- 
ctive in their effects. boldren and Tither [23] have considered 
the production of dual-phase structure in a steel containing 
u,b'/u Cr, U. 4% ho, i, u C oy hot rolling and subsequent cooling, 
ay controlling the coiling temperature so that It falls within 
a specific region called the "coil window" [Figure 2. 1 j the 
austenite transforms to tempered martensite at a very slow 
cooling rate and the product is found to have excellent tensile 
strength and good formability. The total elongation is not so 
large as that of the in ter cr 1 tic ai ly annealed dual— phase steels. 

By a similar development in Japan [24], a low carbon steel with 
0.4% Si and 1.4% Mn has been coiled at a very low temperature 
(below M temperature of the austenite) to transform the auste- 
nite before coiling. This is known as dual-phase rolling and 
gives rise to inferior tensile strength properties when compared 
to that described by Coidren and Tither £ 23 j . But the total 
elongation remains same. 
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2 . 1 Compos itio n and Heat T reatment of Dual-Phase steels 

2.7.1 T yp ic al _ Compositions 

The composition of all duel- hose steels is based prima- 
rily on low carbon and low alloy content. Formation or ferrite- 
caroide transformation products during cooling from (a. -t y) 
in tercri tidal range, due to lack jr harden ability cun tot over- 
come by minor addition ox vanadium, niobium, chromium, molybd- 
enum, etc. Aluminium-killed steels are commonly used in prac- 
tice, although ui c Japanese steels high in silicon are deoxidized 
with silicon. Ail dual. phase steels are given a sulphide part- 
icle shape-control treatment usually with rare earths and zirco- 
nium and they maintain a low sulphur content. Typical composi- 
tions of some dud-phase steels either in production or at an 
advanced stage of development are given in Table 2.1. 



2.2.2 selection of Alloying Elements 


Dual-phase steels have superior properties from their 
essential structural features. Dispersion of a strong marten. 


site in a high strength, highly ductile ferrite matrix gives rise 
to enhanced ductility at a given tensile strength. Many combine- 

:■ -I Vir :x. ;■ ■ ' ; ' •" . .. •'.Pb . ' — V : ■- -s;: j- / p -f: pi J. 

tions of alloying elements such as Mn, Sip 0, Mo 

. V ■ ; / : : : . p ; : Vp p p / : p pp p : 

added to low carbon iron to obtain austenite with 

enability (23, 2tj, for transformation to martens, 

mild cooling rate. Th 

*<»> • ' ■« 

on the properties requ 




ose strength depends on 


gth of both the phases present, besides increasing the 

' ' ' ■ ■' ' :: . ' 
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Table 2.1 

Compositions of some common dual-phase steels 


Composition, wt. % 



c 

Mn 

Si 

Ni 

Cr 

mm 

V 

Kb 

A. Carbon- 

0.01 

1.45 






M 

mang anese 

0.06 

0-33 

— 

— 

- 

M 

— 

— 

series 

0.052 

0.90 

— 

- 

- 

•M 

Ml 

M 


0.11 

0.78 

- 

- 

- 

- 

- 

- 

B. Carbon- 

0. 10 


2.00 



mm 

V — 

'mm 

silicon 

series 









C. Carbon- 

0. 15 

1.50 

0.01 

Ml 


M» 

' M 

M 

manganese- 

0.22 

1.55 

0.01 

— 

M 

M, 

M 

M 

silicon 

0.10 

1.45 

1.20 

— 

- 

M 

M 

M 

series 

0.06 

1.47 

0.23 

M 

m* . 

M 

M 

- 


0.12 

1.47 

0.24 

— 

Mi 

M 

M. 

M 


0.16 

1.53 

0.24 

M 

— 

M 

*, 

m : ' 


0.20 

1.53 

0. 25 

- 

Mi 

M> 

M 

M 


0.29 

1.51 

0.24 

- 

- 

- 



D. Carbon- 

0.21 

2.00 

1.03 

' m* ■ 

.. . . 

W* 


0.20 

M 

mang anese- 

0. 10 

1.45 

1.20 


Mf 

M 

0,15 

4 " 

silicon- 

vanadium 

series 

0.10 

1.44 

0.49 




0.075 


E, Carbon- 

0.072 

1.26 

0.30 

0.02 

0.02 


0.08 

• 

manganese 

,bv.. °* 11 

1.29 

0.29 

0.02 

0.03 


0,06 5 


silicon- 
nickel- 
chromium- 
v an ad i uni 
series 







* fj: i ! 1 { 

• i- 1 ,i 

F. Carbon-' 

, mang anese 

silicon- 

0 . 06 2 
0.07 

1.19 

0. 02 


0.49 

0.57 

0.03 
0. 29 

* 


chromi urn- 
molybdenum 









.series . 










' '' ' * 


— 







;r ; :rr ' cm& 


% t ' 

H .43 


stubs 


harden anility or austenite, silicon reduces the interstitial 
carbon content or ferrite which ultimately leads to a cleaner 
and more ductile ferrite. This has been shown by the results 
of some silicon-containing steels [ 27] . si and P are very eff- 
ective in. strengthening ferrite by substitutional solute ele- 
ments [23]. strengthening by silicon and manganese resulted ir 
the best combination of strength and ductility as shown by 
Masui and Takechi [29]. 

In order to produce lath instead of twinned martensite 
to avoid brittleness in the product [30], the carbon content 
has to be kept maintained at ~ 0.3 wt %. For this the initial 
alloy composition and the volume percent martensite have to be 
controlled as this is a more or less accepted principle of the 
duplex ferrite-martensite alloy development. However, while 
choosing a favourable overall composition the effect of substi- 
tutional elements should be kept in mind. Though the primary 
function of Wn and other alloying elements like V, Wo, .Cr, etc, 
is to increase the harden ability of austenite. Si and sometimes 


These alloying elements partition to a significant 
the austenite. Due to higher equilibrium 



within individual austenite islands as the local equilibrium 
concentration of carbon is determined by the type and concent- 
ration or substitutional elements present. This type of segre- 
gation can lead to formation of a mixture of transformation 
products within a single island which can be averted to a cer- 
tain extent by annealing the steel in the single .Y-phase before 
cooling to the intercri ticai annealing temperature [32]. 

Chromium retards the process of bainite formation 
besides increasing the harden ability. According to Tanaka et al 
[33] Cr is the most favourable alloying element for dual-phase 
steel production since it decreases the dissolved carbon content 
by promoting partition of carton between austenite and pearlite. 
Cr does not cause solid solution hardening in ferrite [34]. Mn 
has an effect similar to that of Cr except that it causes solid- 
solution hardening of ferrite. Molybdenum also increases the 
hardenability of austenite. As it is a ferrite former, it 
does not decrease carbon solubility in ferrite end moreover it 
causes a large sol id- solution hardening effect [ 35 j . There is 
precipitation of carbonltrides and grain refinement with the 
addition of niobium to the steel. This precipitation in 'turn 
leads to the formation of a substructure in the ferrite and as 
a conrcrv.cr.ce the tensile strength Is increased. To produce a 
simple, economic el steel witn favourable structure end required 
properties the desirability 01 various alloying elements must 
be properly assessed. 

2.2.3 h eat Treatment Cycles 

By cooling from the intercri ticai annealing temper-stare 



st any rcit between batch annealing end water quenching, dual- 
phase steels can be produced. The cooling rate depends upon 
the chemical composition or the steel. dual- phase steels with 
e variety of chemical compositions and considerably varying 
physical properties have been developed by adding small quanti- 
ties of alloying elements in order to decrease the cooling rate 
The heat treatment cycle is cot:;;- rived of the starting structure 
prior to intercritical annealing, the annealing temperature and 
the cooling rate and the dual-phase micro structure is a func- 
tion of these variables. The difterent types of heat-freatrnen t 
cycles used for the production of dual-phase structures may be 
classified as: 

(i) Intermediate annealing (I. A.) 
ill) Intermediate normalising (I.fi.) 

(iii) intermediate quenching (I.L.) 

(iv) Step quench in. (S.d) 

Cv) Continuous annealing (C. A. ) . 

in intermediate annealing and intermediate normalising 
cycles, steels containing coarse and fine ferrite and pearl ite 
respectively, are used for intercritical crr.ealin;:. if the 
structure of the steel before Intercritical annealing is fully 
martensitic, the -.roco-rr then used is in termed etc quenching. 

In step rrerrhir;;, the steel is transferred the* Adsfcriiti- 


sation t e.."uc 
In all heat 
critical an r 


return to the in ta- rcu.it leal annealing temper ecu re. 
treatment cycles, the steel is soaked at the into r- 
a sling temper oture for a specified length of time 


and then cooled at a suitable rat© to the room temper stars 



In continuous annealing, dual. phase structures in steels 
are obtained in the as hot-rolled coxiuition. The steel sheets 
are coiled after adequate hot roiling and the cooling rate 
during coiling is controlled in order to get the required dual- 
phase structures. The coiling conditions have been simulated 
by many investigators [23, 32, 3b J in order to get a dual. phase 
structure similar to that obtainable on continuous annealing. 

The intercrirical annealing has to be carried out at. a 
temperature which is between (upper limit of the critical 

range) . and, Aej . •(begdnhie.gf of transformation range), regardless 
of the he at- treatment cycle. Since equilibrium conditions are 
rarely maintained in steels of commercial purity, the tempera- 
tures of practical utility are AC^ and nC . These critical 
temperatures can be related to the chemical cor.p t ion of the 
steel as follows [ 37 j : 


ACj * 723 - 10.7 Tin - 16.9 hi + 29.1 hi lb. 3 Cr + 290 As 

■t 0,38 W 

AC- * 910 - 203 ’/ C - 15.2 lii + 4 4.7 0 i + 104 V + 31.5 Ko 


-'I 8 " 13*1 W 




2.3 structure of Dual-Phase steels 


2.3.1 Distribution of Phases 

The distribution and morphology of constituent phases 
in dual-phase steels is pronouncedly affected by the various 
heat treatments and fjrocussiny schedules [38]. Thus, interme- 
diate quenching results in a distribution of fine fibrous marten 
site in the ferrite matrix, '.voile intermediate annealing or 
intermediate normalizing gives rise to a distribution of fine 
globular martensite along the ferrite boundaries. in step 
quenching the resulting structure is of coarse martensite 
surrounded by a ferrite matrix. Evidently the dual-phase micro- 
structure depends on the prior austenite grain size. due to 
this the distribution of phases tends to be coarser during step 
quenching than those obtained from original martensitic and 
hypoeutectoid structures as the initial grain size is coarser 
there. 

The ferrite grain size in dual-phase steels Is very fine 
(''“’lO urn dia) as the ferrite is get oy intercri ticai annealing of 
either cold-roiled sheets for very short times or micio-cliov c-C 
con fcrol 1 © cl- r ol 1 ©d sheets for somewhat longer times, because 
most of the dispersed carbides present in the as-rolled pear- 
1 4. tic a c a. vtr -C c 'C ; .w.y on in .. *. ...I c.. anneurmg, the 
ferrite is remarkably clean [7, 8, 10, 11, 12j containing insig- 
nificant amounts of fine carbides. Transmission electron micro- 
scopy of ferrite usually reveals high density of dislocations, 
particularly in the vicinity of the martensite islands. On 
cooling from the intercri ticai annealing temperature, usually 



sortit ferrite separates out from the austenite producing an 
extra carbon concentration, in the then untraiisio.LT.ee austenite, 
fne new ferrite forms epitaxially on the old ferrite arm has 
very little or no partitioning of alloying elements except 
carbon, during separation. The extent of ferrite separation is 
greatly influenced uy the balance between ferrite stabilisers 
(e.g. Ji i and austenite stabilisers ie.g . f.n, d, V and fut. 
further cooling transforms the remaining austenite to dislocated 
Uath) martensite or to twinned lacicular } martensite depending 
on whether the- carbon concentration is below-' or above about 
0,35%. This limiting carbon content is greatly influenced by 
the presence of alloying elements. 


2.3.2 Effect of Heat- Treatment on fUcra structure 

Literature survey reveals that hardly any systematic 
study has yet been made to determine the effect of heat- treat- 
ment on the fine structure of dual-phase steels. some T. E.M. 
studies done on different intercritic ally- annealed dual-phase 
steels have shown that the fine structure is characterized by 
regions of high dislocation density close to the ferrite-mart- 


ensite interfaces and regions of low dislocation density in 

' " .'1 \ - d- ''b.;. . y ;' v . V' 

ferrite grain interiors £ 33 j. 
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T.E.M. -studies [38] on dual-phar ? structures produced 

iate quenching, intermediate 
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in a Pe- 2 Si-0,1 C al 
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earlier invostiy ators have reported [36, 39, 40] that 
small quantities k**5%) of retained austenite may be pre sent in 
slowly cooled duai-phase steels,, especially those containing 
carbide forming elements. The retained austenite stabilised at 
room temperature is believed to exist in the form of small equi- 
axed islands rather than thin f ilms as typically observed in 
lath martensite structures Ltsj. 

2. 4 M echanical Properties of Dual-Phase steel s 

2.4.1 Ty.,..fcr I Stress-Strain Curves for Dual-Phase Steel s 

The characteristics o£ duel-phase steels which distin- 
guish them from plain carbon and H.s.L.A. steels are t 
( i) low yield strength 
(ii) continuous yielding 
(ill) high initial work hcr-.’er.in.j 
and (iv) large uniform and total elongations. 

Figure 2.2 [ 41 j shows typical stress-strain curves for plain- 
carbon steel, a high strength low alloy HAS 980X steel and an 
intercritic ally annealed dual., phase SA£ 980X steel. 

The log O vs. log e plots show a linear behaviour and 
from the slope of this curve the strain hardening exponent "n * 
can oe determined for low carton and micro- alloyed steels. The 
true stress* o ,.ud t he true strain e obey the power law of 
Holloman [42]: 

..„n 

* .VS 

where n is the work-hardening exponent and K is the strengthen- 
ing co-efficient. Many duel-phase steels have also been found 
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to » t'Ocvtr similarly j.4 1, 4 3j . Jut in some dual phase steels the 
In a vs. In e curve deviates from linearity indicating that the 
pov iaw relation may not be valid there [44] , In such cases 
tne work hardening exponent is evaluated at any specified strain 
level 1 1 jra the slope of the curve at that point [ 9j. The anal- 
ysis suggested by drussard [45] and Jaouit [ 4u] is found more 
suitable than tne rfoiiomon's analysis for alloys exhibiting 
multiple 'n ' behaviour. In these cases the Ludwlk equation is 
used [47] ; 

. ■. n 

- 0 . + f £ 

where o is the yield strength and K arid n are constants. Accor- 
ding to the Jaoul t-Crussard analysis, the budwik equation was re- 
written ass 

in .'I™ J «= In (KnJ + (n-1) In > e 

U£ 

d © 

The plot of In k~~-j versus In e differentiates several distinct 

' •** ; iU 

stages of strain-hardening during derormation, particularly at 
low strains. 


2.4.2 strength and Ductility 



The two important mechanical properties, namely, high 

0 ;7 o y.; ■ . ' : 

tensile strength (roughly proportional to both fatigue and cri 
rusistMlce) Mid large total eior.aat.lor. (may bo Cake, or « am*. 


m* component., 
(important from an engineering 

2.3 [ 49 ] ah o # a ' a- • plot :> of ^ > 

ultimate tensile strength 


elongation as 


12 


< jirifiit-ix 1 ui iy ova Ll-aolt; high strenytn steels. The much superior 
performance of the due; .phase .steels as compared to the eonven- 
ti x nl high strength s t . els is quite apparent from this figure. 

Nowadays, it is generally agreed that the strength oi 
dual- >nase steels is linearly proportional to the volume i.r ac- 
tion >t martensite present in the structure. This is suppor ted 
oy Figure 2.4 [20} which shows the variation or tne 0. 2 % flow 
stress and tensile strength as a function of percent mar ten si te 
tor a series oi Fe-Mn-C dual-phase steels. It also appears 
that tne strength of these dual-phase steels is independent of 
the caroon content oi the martensite. 

it has been found that the tensile strength of dual- 
phase steels increases with the increase in the strength and 
hardness oi the constituent ferrite phase. It has been sugges- 
ted that the ferrite should be very fine grained ^3 u size) , 
free of fine precipitates and strengthened by substitutional 
alloying elements le.g. si, which do not have much effect on 



ductility) tor the steel to have optimum mechanical properties. 

: .■ . t" . . ■■ v. . . . \ ■■ ■ h.;. ; . , - -■ " i, • ';?-■> ' ^ .■ d p } v...; i i 

Studies [20, 21] have shown that for dual-phase steels 

\ ■ '• ' ' ■■■;•' .":■■■ ; ■ ■; ■ y; ' . ■ i ; ■ r i -a ‘' git, v; 

with up to about 30% martensite, the ductility of the composite 
Is sensitive to the strength and ductility of the matrix, so 
the ferrite should be as strong as possible ami tu in tv in & higi 
ductility at the' same time, but comnion knowledge tells Us the 


higher the strength of 


tility 
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,ese stftls U'iau. ■■ 2 . 5 , , thus to unde .■ stand the .** u . >* 


erlo .. streay th axiu due til Icy otnaviour ot due > : .■ osa ;;te<sls 
stab, oi the w luuWuu'Cleriiny mechanisms -ot tin. . -.. steels is *> 
tial * 


v t ^ j -;- '■ s. 1 ,j. •’.'. cv..’, “ ..; ■ 

T; tc- d.ai urm 0 fc 1 on bur- ■:,» iouc in du cl- . hane .steel s has beer- 
tried to be explained by using i-.^ds [5 0] developed for Campa- 
ri ten, i‘h« clu:/.. ._ -phase steels wore con ride red to be r ■••;_• or ! .tes 
.3.1 o » t ron-gj mar • • :<;■>! tic phase and & soft and ductile ferrite 
phase, itus cv* .> limiting model s available lor two- phase compo- 
sites and applicable lor dnol—.ohaso steels are equal strain [51] 
and equal stress [52] models, v-.n^n tat, ■due.,-. •■, ase steel cont- 
ains a hard, phase distributed in a soft matrix, an intermediate 
situation seems to be valid [53], hut, all these '. v :. comp- 

letely overlook the size, ebu;..~, numsa;:: and distribution o£ 
martensitic i, si ends which eJ: t siiv vfciormavion beaavi our ox 

dua -phase .s U-r-l s . • in or,.- as, v;. ..... . : . realistic model whicu 
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correctly, these eapeetr snoulti be considered, 
i'rbc tore beh&vicui; »>.wic».-p»sase steels has elso.betbp 
r t.. i by a lev workers [ 31, 55 j and a number of mechanisms 
'thus proposed in case or tensile and other kinds of loa’ic 



applied. It was found that no single free cure mechanism is oper- 
ative and the following mechanisms could be operating simultane- 
ously. These are : (ij decohesion at ferrite-martensite inter- 
face, (ii) fracture of martensite, (iii) crack formation in 
ferrite with localised high stresses, and (iv) void formation 
around inclusions. It has been su:;r rr.fr.:? [ 56 ] that the tensile 
load spplieu is transferred to the harder martensitic phase vie 
the softer ferrite and thus the hard phase is subjected to 
excess io ad. during later stages decohesion of the. marten si te- 
ferrite interlaces occur and nearing the end of the uniform 
elongation stage, martensitic areas with sufficient stress build 
up, fracture. b imui tenuously, voids may be formed around the 
larger inclusions due to tensile stress and the large voids may 
be linked up by microvoids initiated at smaller inclusions. As 
a result, necking takes place due to very fast decrease or the 
cross- section al area of the specimen. When such a situation is 


prevalent, the ruptured martensitic regions may act as sharp 
notches find may lead to cleavage cracks in the ferrite which 
ultimately cause cleavage fracture of the ferritic grains. 


2.4,4 sheet go rmabllity 

The mechanical proper ties, 
di utri.su to strain efforts the £ ;.r;r 


r-.rt icular.lv the ability to 
fifty of sheet metals. 


mostly. 


the form&bliity is characterised by the dimensionless 


parameter 
.. , .. dO 

Chilli "“""V iS 

' E 


mcree,st:b # 


% , where (P - is the current value of the flow stress 
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tat current rate of work-hardening . As the strain 
this parameter decreases in successive stages and 


with this the material becomes less able to spread the strain 
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"/•.:> I.m rove or control the sheet form toil J. ty , oil metai- 
iurgicai j: ac tors influencing these properties caii be taken 

r -t.lv i£Ua V "4 n 

To knov? the degree to vhien a in ate rial can distribute 
strain or work - 1 . ' effectively, the work- h ard en ing co- 

ef £ic ion t *n * iu used. .High "n’-valae xnaterials are able to 
sustain more work-hardening and prevent localized strain con- 
centration within them. 


•lorsaei anisotropy * can btt defined as the p • - . • of 

having different strengths in the plane of the sheet and normal 
to the sheet - 1 'planar anisotropy * is the ... 

having J..I .inr-r.t z'tz'iH <• -U: u rioo, .‘.ill tw.rwi? t direction a on the 
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deneroily r # r ;jC , and r, 3 Q have significantly di tie rent value a 
for a given sheet materiel and thus 'ears* are formed in thin 
sheets, /mother parameter r can be dei ineu as: 


r 



2 


For fully isotropic sheet .materials r * 1 and r * 0, When 
r > 1, the average strength in the plane of the sheet is lower 
than that across the thickness and vice versa for r < 1. Thus 
sheet steels with very high r values are highly resistant to 
uniform thinning and desirable for -“.tawing or '-r . ■ Acc- 

ording to White ley et al [ 57, 58], the ’* J : h r r r value c± the 
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the super impo si t-ion of an isotropic hardening component on an 
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2*5 r*;e' ittr. of 'huai- .''“hr.cc Steel r. 

..'no screny tn ot plain Uw caroon s teals can be* increased 
t: it actively by increasing the c a roots content. The two major 
u i s tid vau cay e s> o &» & oc x a ceu wx u i cisxs are xn te d uc tr i x ty ati*J 
wn.iciooii.ity ot the resulting material. in a ierrits-peariite 
steel, 1 c nee teen found that -trie most important rector tontro- 
iliny me strength and ductility is grain sl«e. Ultra* irue grains 
can Jbe obtained by repeated thermal cycles ot rapid austen 1 tiring 
and cooling ’ . ? ,._ied by Grange £ 4] . 

too and Thomas [XSj applied a non-standard heat treat- 
ment cocc;" consisting ot alternate therm ai in tin- ?~ 
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the xuar. ti ty ox nxxtansi te decreases, toe intent of this incre- 
asing with he; e rung into five toper pat t, ox the intercri ileal 
temper store range* One ox the reasons iron the reduction in 
martens! te content is a aecreass in austenite stability * Fins 
c rained steels wi th a small ini tied grain size therefore causes 
no nmxkeu ret inernent ot the grain structure* Maximum grain 
refinement vjub obtcained as a result of thermal •::; ' :’r\: with the 
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pole figures are tsKen as some well-defined directions® 
rollincj direction HD), transverse direction ( I'D ) and normal 
direction (hb) are the three reference directions in case of 
rolled metals. The procedure for re/., re sen ting texture by polo- 
figures is illustrated in Figures ?.6(aJ to (e) . Thu sheet is 
made to sit at the centre of the stereographic sphere y. ' the 
ID, ID and hi; coincide with the X, Y and 3 axes (figure P. 6a) . 
The orientation of a grain, say (100), can be then represented 
easily by plotting the three (100) poles in a pole- figure. hi), 
the poles concerned are normally projected on to the e<‘ tt.it oriel 
plane producing a stereograph ic projection (Figure 2.6b). Then 
the poles are uniformly distributed over the area or pro jection 
then no texture is said to exist and the specimen is said to 
possess a 'random' texture. If the poles tend to cluster 
together in certain areas of the pole figure, they are said to 
produce a texture (Figure 2.6c J, Usually the data is collected 
from many grains simultaneously and are represented in the form 
of density contours on the pole figure (Figure 2.6<i-e). 

In texture work the pole figures are measured by X-ray 
diffraction. Two methods, the transmission method due to 
Decker, Asp and Marker [63] and back ref l sc ti on method .yy 
Schulz [64 j -"■t rl le, Quantitative measurements arc not 

peer! hit from pole figure- as they specify only two independent 
v :?ri«?:-lc.g ■ . • lie o. sii are -.three -degrees of, .-.freedom- in the 

general ori Mellon. Thu pole figures cie thus only projections 

of the three-dimensional orientation distribution function 
(Q.D.P.) which describes the orientation density in a three- 
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- the plane termed by bb and [OOlj. 
ill) 4» second rotation >3 around the new direction Rb ‘ h 

such a value that It transforms Rl> into [ UOl j { « hu * ; 

cii'i u ru 1 in ~co Tb ** «. 

xiii) i\ third rotation around [ UOlj uli * ) transforms 
ivL ' into [ lOOj art T.L * into [010], 

x'h«- 0 . T_> , F . is then mostly plotted by contour lines in & 
series of sections through the Baler space. The selected area 
diffraction method of measuring 0,13, F, by the* transmission elec- 
tron microscope using thin foils being very J. cR cv: o.D.F.'s 
are reproduced nowadays from a series of pole-:' .... by the 
application of the series ~ . " . .’. .. • In the 

0 . D , F , is • in a series of .11: spherical harmo- 
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It was found[65] that '••'*•% dual-phase steels era manuf ac 
cured by relic sting to tin- mtercritical range followed by 



a raced cool in* which Cfinsiai'i.is toe austenite phone to mer 
onsite*, texture couipcun. uts or the type till] i 1 1 .U <112> 

i337] «s, 1 i. vj > end i 3 37 j <77 b> smy u*t untamed. rhe intensity or 

the illlj < uvw> -; ts ere quite moderate while i 3 3 / j <uvw> 

componen ts have extremely low intensity. it was suggested xhat 
bath illlj and i337j type iiure textures may be present in 


in terer i tical ly annealed 

o u a i — 

phase 

steels 

in addition 

to some 

minor components such as 

131%; 

<002 > 

BHu i 1 

1 0 j <00 1 > • 

bo x eove 

it has also been r"., t r : 

(66j 

that 

the tex 

ture in not- 

• rol led 

dual-.- ..use o t e e Is c an b e 

desex 

itoecl a 

s illlj 

ed 1> -i- ill 

tl J <112 


for some end U12j <110> tor other compositions. 

For developing dual-phase steels with e good ■" • ■ _ raw- 
ability, it is known that development of a strong till] texture 
in the.' annealed sheet is necessary. Work toy Ray [ 2 j an a C-hn- 
3i~V dual phase steel has shown that cold-deforming the inter- 
critically annealed (at 75Q°Cj steel by 50%, 10% and 30% produces 
a texture consisting of a moderately strong illlj <112> and & 
rather week illlj <210> .. ^ v • %. Further reports by key ( 2j 

on toe same material shows that when intercrltic&lly annealed 
at a higher temperature oi 790°c, 53% ana 70% c. . VV. 

■ '• ' •••■’ t.v.: tame texture .... ;v tv «*e before, although or 

... .. ' • •' v.ji « '..’v i. v. -.v p'O—','— !' A\. >.i £ s. 1 -i. 'O h t/lfe (3v« COXt*— 

relict *•••,• •;•.• e i u.l r-n owed r rat it ..vs texture, however. 

dor v hv xay (6 7, 6 using toe quantitative texture 


rm.':.,, , technique, on the same matoritl es ylven above, indi- 
cated. to at <i though re -a j? or duly strong *1 r .m end iio7j f itore- 
texturesr. could toe developed easily in this steel, the value oi 
the Lankford parameter ’r*, was found to be rather low \ srtvuns: 



unity; . ...utiK i significant result shoved that tne .material 
was found to be practically insensitive to variation of mnrterv- 
sj.t" v-jur.t fraction within the range of 2 5 % to 4 1 so far as 
the development of £111] fibre texture was concerned. From the 
results it was concluded that in order to yet a high ' r'-vciut 
in tills material , intercri ticai annealing to produce a much 
lower volume fraction of the martensitic phase Uc25/*) may be 
beneficial . Researches carried out on a Si-P d u r-'l « ase steel 
indicated that it is possible to reach a r value as high as 1.8 
in such a du*l_nhase steel which contained only up to a maximum 
oi nearly 4% martensite by volume. Tills amount of martensite 
was sufficient to eliminate yield point elongation and increase 
the initial strain-hardening rate, but it is apparent that such 
a material will not be strong enough though the deep-dr aw abili ty 
characteristics will be very good. Thus this method is unsuit- 
able for producing high-strength dual-phase steels with a good 
deep-dr awabil ity and hence, new methods have to be devised. 
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Fig, 2*1 C C.T. Curves for a low carbon Mn-Si-Cr-Mo steel developed by 
Coldren and Tither. 
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Fig, 2 >2 Typical stress-strain curves for SAE950X 
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annealed dual-phase steel . 
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Fig. 2.3. Total elongation as a function of ultimate 

tensile strength for some of the commercially 
available high strength steels. 
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Fig. 2.4. The 0.2% flow stress and 
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martensite for the Fe- 
Mn-C alloys. 


Fig. 2.5. Strain hardening as a 

function of strain for ■ 
dual-phase, conventional 
high strength and low 
carbon steels. 






Fig. 2.6 (a) Projection sphere and reference directions, 

(b) Projection of poles for a single grain, 

(c) Projection of poles from textured grains, 

(d) Pole density distribution, 

(e) Contour map of pole density. 




CHAPTER III 


Experimental Procedure 

3.1 Materials and Their Preparation 

The chemical conqposition of the steel used in the pre- 
sent investigation is given in Table 3.1. 


Table 3.1 

Composition of the steel used 


Alloy 

« 

f 

8 

a , . ... 

Weight percentage of elements 

designation 

« 

: c 

A 

i Mn • si j s i p i v 


0.11 

1.46 0.47 0.014 0.013 0.09 


The alloy was melted in the form of a 30 kg ingot in a 
high frequency induction furnace at TISCO, Jamshedpur and cast 
into preheated cast iron moulds. All the heats were deoxidized 
by A1 shots and also treated with misch metal for Inclusion 
control. The cross-sectional area of each ingot was 12 cm X 
12 cm (approximately). These ingots were initially forged into 
bars of square cross-section ( 25 ram each side). 

The alloy was received in the form of a forged bar of 
90 cms length. For easier handling, this 90 eras bar was cut 
into six pieces of IS cms each. Five out these six pieces were 
split through the centre into halves. These were used for sub- 
sequent he at- treatment, etc. A small piece of size ( 25 mm X 


25 ram X 10 ram) was cut from the original forged bar to study the 
optical and electron raicrostructures of the as-received material, 

3. 2 Heat Treatment, Cold- Rolling and Production of the Dual- 
Phase structure ~ 

In order to remove any inhomogeneities in the structure 

of the forged, as-received material, all the bars were homogen- 
ised at 98G°C for a period of 30 minutes. The heat treatment was 
carried out in a high temperature muffle furnace whose tempera- 
ture was maintained within an accuracy of < +5°C. After the heat 
treatment the bars were air-cooled from the austenitizing temper- 
ature to room temperature. 

The homogenised bars were subjected to surface grinding 
to remove scales, etc. and then given 60% deformation by rolling 
at room temperature. The amount of reduction was kept at around 
60% on the basis of trial experiments which showed that the 
intensity of cold-rolled texture in this material does not incr- 
ease significantly beyond 60% deformation. The cold-rolling 
operation was carried out in a two-high, laboratory rolling mill 
using paraffin oil as lubricant. In between any two successive 
passes the strips were dipped into a bucket of cold water to 
minimise temperature rise due to deformation, as far as practi- 
cable. The final thickness of the cold-rolled strips varied 
between 5.0 to 6.0 mm. These cold-rolled bars were then subjec- 
ted to dual phase treatment. 

In order to produce the dual* phase structure, six bars 
of the cold-rolled samples were sliced into smaller pieces of 
about 7 to 8 eras each* These were kept at the intercritic al 
annealing temperature of 810°C for two different times of 5 rainu 



and 30 minutes (three bars for each time). They were then dire- 
ctly quenched in a big bucket of water. The above heat treat- 
ments were carried out in a vertical, electrical resistance tube 
furnace where the temperature was maintained within an accuracy 
of +5°C. In this way two different dual -phase structures were 
developed in the alloy. 

The cold rolled material and materials in which dual- 
phase structures were produced, formed the starting materials 
for subsequent thermal cycling. The details of the initial 
thermal and mechanical treatments are listed in Table 3.2. 

3.3 Thermal Cycling of the Cold-Rolled As Well As Dual- phase 
Structures r 

Small samples ( M 5 cms) were cut out from the three ini- 
tial materials and subjected to thermal cycling. The thermal 
cycling treatment was carried out in a molten salt bath using a 
commercial I.C.I. salt (Crescent) to maintain a constant temper- 
ature during the short time intervals used. The salt bath was 
contained in a stainless steel crucible of 5.0 cm internal dia- 
meter and about 12.0 cm in height. The container with the salt 
was heated in a vertical, electrical-resistance, tube furnace. 
The temperature of the melt was checked from time to time using 
a calibrated chromel-alumel thermocouple kept in a thin-walled 
stainless steel tube dipping below the surface of the melt. The 
samples were held in a constant temperature zone in the bath 
which was found out by carefully measuring the temperature at 
different regions over a length of time. After each heat 
treatment samples were quickly taken out from the bath and 
Hmnnerf in » laroe bucket of water, for quenching. 



Details of the initial thermal and mechanical treatments of the 
initial starting materials 
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Two different thermal cycle treatments were given to the 
dual-phase and cold-worked structures; 

(i) In the first type of cycle the samples were heated to 
800°C (between the A^ and line in the Fe-C equili- 
brium diagram), held at this temperature for 2 minutes 
and then quenched in water. A full cycle was considered 
to be composed of two such treatments followed in quick 
succession. The total duration per cycle was 4 minutes, 
(ii) The second cycle also consisted of two half cycles. 

In the first half cycle the samples were heated to 
925°C (above the A 3 line in the Fe-C equilibrium die- 
gram) , held at this temperature for 2 minutes and then 
quenched in water. In the second half cycle the samples 
were heated to 800°C, held at that temperature for 
2 minutes and then quenched in water. Thus the duration 
of the second type of cycle was also 4 minutes. 

Schematic diagrams of the above two types of thermal 
cycling treatments are given in Figure 3.1. The different types 

of samples generated by thermal cycling are listed in Table 3.3. 

’ | 

% 

3.4 Tensile Testing ''' 

Flat tensile test specimens prepared from ten materials 
listed in Table 3.3 were used for tensile testing. Ihe gauge 
length of the samples was 15 mm and they were prepared according 
to the ASTM specification for sheet specimens (ASTM specifica- 
tion; L q /Va~ * 4.5 where L Q * gauge length and A Q « original 
cross- sectional area) . The tensile tests were performed at 
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SCHEMATIC DIAGRAMS OF THE TWO SEPARATE 
TYPES OF THERMAL-CYCLING TREATMENTS 





Table 3.3 


Details of the different types of samples generated by 
thermal-cycling treatments 


Initial 

material 


Designa- 
tion of 
thermally! 
cycled 
structure] 


Details of he at- treatment for the production 
of thermal-cycled structures 


COO 

> — 

coooo 

■JL . 

Kept as it is without subjecting it to any 
cyclic tre atmen t 

coo 

C0005 

Type of cycle : 

Type I 




Number of cycles 

given : 

5 

coo 

C0010 

Type of cycle j 

Type I 




Number of cycles 

given ; 

10 

AOS 

A0501 

Type of cycle : 

Type I 




Number of cycles 

given i 

1 

A05 

A0510 

Type of cycle s 

Type I 




Number of cycles given : 

10 

A30 

A3001 

Type of cycle j 

Type I 




Number of cycles 

g i ven ; 

1 

A30 

A3010 

Type of cycle : 

Type I 




Number of cycles 

given : 

10 

coo 

2C0010 

Type of cycle s 

Type II 




Number of cycles 

given s 

10 

AOS 

2A0510 

Type of cycle : 

Type II 



Number of cycles given s 10 


2A3010 T^® of cycle * Type II 

Number of cycles given : 10 


A30 






room temperature using an Instron (Model 1195) machine. A cross- 
head speed of 0.5 mm/minute, a chart speed of 20 ram/minute and a 
full scale load of 50 KK were used during testing. Prom the 
recorded charts, 0.2% proof stress, 1.0% proof stress, ultimate 
tensile strength, fracture stress, strain at fracture and total 
elongation values were calculated. The load- elongation data 
read from the charts were first converted to engineering stress- 
engineering strain values. These were then converted to true 
plastic stress ( o) and true plastic strain (e). The strain 
hardening exponent *n' was determined by plotting In o values 

against In 8 values and finding the slope in each case. The work 

d 0 

hardening rate ~r- was also calculated at different values of 

a$ 

true plastic strain and plotted against e. 

3.5 Optical Metallography 

3.5.1 Specimen Preparation and Examination 

To study the optical microstructures of the as-received, 
the initial starting as well as the thermally cycled materials, 
transverse sections of small metallographic samples were properly 
ground and subsequently polished in the usual manner. Each 
sample was prepared with repeated polishing and etching treat- 
ments using 2% nital (for 20-21 seconds) to produce a scratch- 
free microstructure showing reasonably good contrast. But this 
etching treatment failed to reveal the martensite properly, 
though it could delineate the ferrite regions satisfactorily. 

In order to highlight the sizes and shapes of martensitic 
regions an improved technique [69] was used to characterize the 
structures. The process involved conventional polishing and 



etching with a 4 % picral solution (4 g picric acid in 100 cc of 
methyl alcohol) for about a minute. This was followed by a short, 
etching treatment using 2% nital with the intention of revealing 
the ferrite grain boundaries clearly. Finally, the samples were 
stained by holding them in boiling alkaline chromate solution 
(8-10 gm CrO^ in 75 cc of H^O and 40 g NaOH) for different 
lengths of time depending on the samples. The different periods 
of staining were selected on the basis of trial and error. The 
staining time required varied between 30-35 seconds and led to 
martensitic regions etching dark and new ferrite regions (formed 
during cooling from intercritical annealing temperature) etching 
bright. The old lun transformed) ferrite appeared gray in cont- 
rast to other micro-constituents. After staining, the specimens 
were washed in running water and rinsed with methanol and dried. 
Photomicrographs were taken from these specially stained surfaces. 

3.5.2 Quantitative Metallography 

An Omnicon Alpha 500 Image Analyser was used to determine 
the volume percentages of martensite in the dual-phase structures 
as well as to make a quantitative measurement of ferrite grain 
size in different samples. The volume percentage of martensite 
was measured randomly over ten different areas of each sample 
and the data averaged out. The ferrite grain size distribution 
was noted at five random locations on the surface of each sample 
and the values obtained were then averaged out. Histograms were 
plotted to record the percentage of particles over different 
pre-determined size ranges. 



3.6 Scanning Electron Microscopy 

The thermally cycled materials, after conventional poli- 
shing, etching and staining, were examined in a Jeol JSM 84 OA 
Scanning Electron Microscope (S.E.M.) operated at 20 KV. The 
surface features of the heat treated samples as well as the 
fracture characteristics of tensile samples were studied using 
the secondary electron mode. The S.E.M. was also used to study 
the morphology of a few inclusions present in the experimental 
steel . 

3.7 Hardness Measurements 

3*7.1 Macrohardness Measurements 

Vickers' hardness measurements of the initial starting 
materials as well as the materials listed in Table 3.3 was done 
on standard Vickers' Hardness Testing machine using a load of 
10 kg. Indentations were made at three different regions of the 
polished samples and the average value was reported. 

3.7.2 Microhardness Measurements 

The microhardness values of the ferritic phase present 
in all the ten samples listed in Table 3.3 were determined on 
the polished and etched specimens already used for optical micro- 
scopic studies. The measurements were performed in a Leitz 
MINILOAD 2 microhardness tester. The etched specimens were 
focussed at 500X and the ferrite grain to be examined was loca- 
ted exactly under the cross— wire. The load used in each case 
was 25 gras. 



3.8 Determination of Texture 


Crystallographic textures were determined from the mid 
sections of the samples listed in Table 3.3. Specimens of size 
24 mm X 14 ram were cut out from sheets of the different mater- 
ials. The dimension along the rolling direction is 25 mm and 
that along the transverse direction is 14 mm. 

A little less than half of the total thickness was 
removed from one of the flat surf aces in all texture specimens 
by milling . The specimens were then ground and polished metal- 
lographically and then lightly etched to remove any disturbed 
layer. {110} pole- figures were determined from these texture 
samples by the Schulz reflection method [ 70] using CoK^ radia- 
tion with an iron filter. Intensity levels on the pole- figures 
were determined by comparison with the intensity obtained from a 
solid specimen of pure iron which had been randomised by repea- 
ted deformation and annealing. 

To have a better resolution of the texture components 
in the pole- figures and also to have a more complete idea regar- 
ding the textures of the different samples# O.D.F. * s were 
measured from each one of them. For this kind of analysis the 
method of incomplete pole-figures [64] was used. For this pur- 
pose incomplete pole- figure (within the range 0-85°) intensity 
data were obtained for {110}, {200} and {112} reflections using 

the siemens automatic texture goniometer system [71, 72] with 

CoK radiation, 
u* 

In the present investigation, the O.D.F. analysis tech- 
nique as developed by Roe [ 73 , 74 ] and mainly by Bunge [75, 76] 


has been followed. In this method the orientation of a crystal- 
lite in a polycrystalline specimen is specified with respect to 
the specimen co-ordinate system by the three Eulerian angles 
♦ 1# 0 and $ 2 . 

The Cartesian- Euler angle space, with the three dimen- 
sional orientation distribution function within, is normally 
represented, for B.C.C. materials, in the form of sections, 

= constant = 0, 5, 10, . ..,90 deg.). Most of the important 

crystallographic orientations for B.C.C. materials appear in 
these sections. Figure 3.2 represents an isometric view of the 
three dimensional Eulerian space with the positions of a few 
important ideal orientations marked therein. Some important 
ideal orientations for B.C.C. materials are also shown in a 


tabular form in Table 3.4 




0 = 75" tp 2 =45° ; [11.11.4] II ND FIBRE 

0=55", 0 =45°; [111] II ND FIBRE 

0 = 30", cp 2 =45°; [337] II ND FIBRE 

• Ideal Positions 

ig. 3-2 Three-dimensional Euler Space showing locations of 
ideal orientations. 



Table 3*4 


Euler Angles for Ideal Orientations 


Euler angles 

Ideal orientations - 

“1 » * 2 



(in) 

[Oil] 



60 

55 

45 


(in) 

[Ho] 



0 

55 

45 


(in) 

[121] 



30 

55 

45 


(in) 

[112] 



90 

55 

45 


(337) 

[110] 



0 

31 

45 


(733) 

[Oil] 



49 

68 

67 


(Oil) 

[100] 



0 

45 

0 


(110) 

[001] 



90 

90 

45 


(101) 

[oloj 



0 

45 

90 


(012) 

[100] 



0 

18 

0 


(031) 

[ 100 ] 



0 

72 

0 


(103) 

[ 0 I 0 ] 



0 

18 

90 


(301) 

[ 010 ] 



0 

72 

90 


(130) 

[ 001 ] 



90 

90 

18 


(310) 

[ 001] 



90 

90 

72 


(010) 

[101] 



45 

90 

0 


(100) 

[ Oil] 



45 

90 

90 


(001) 

[110] 

* 1 

+ ~ 

45 

0 



(001) 

[ 110 ] 

*1 

+ ^2 * 

135 

0 



(110) 

[110] 



0 

90 

45 


(Oil) 

[oil] 



90 

45 

0 


(101) 

[ 101 ] 



90 

45 ' 

90 


(112) 

[110] 



0 

■35 ; ' 

45 


(335) 

1 — 1 

M 

0 
— » 



0 

40.... 

45 

near 

(445) 

[ 110 ] 



0 

50 

45 

near 

(11, 11, 4) [110] 



0 

75 

45 

neit . 

(11, 11, 4) [2, 2, 11] 



90 

75 

45 



CHAPTER IV 


Experimental Results 

The effects of two different kinds of thermal cycling 
treatments on the following aspects of the experimental steel 
have been determined: 

(a) Micro structure 

(b) Mechanical properties 

(c) Crystallographic texture. 

In this chapter, the relevant results obtained during the inve- 
stigation in the areas mentioned above are enumerated. 

4.1 Microstructure 

4.1*1 Microstructures of As- received and Homogenised Materials 
The as-received and homogenised microstructures of the 
experimental material are shown in Figures 4.1(a) and (b) res- 
pectively. As expected, the structure of the as- received mater- 
ial reveals a ferrite-pearlite aggregate. On homogenisation 
the grains become more eguiaxed than those visible in the as- 
received structure. 

4.1.2 Microstructures of Initial Starting Materials 

The raicrostructures of the initial starting materials 
are shown in Figures 4.1(c) to (e). In case of the cold— worked 
structure shown in Figure 4.1(c), the grains are found to be 
elongated in the direction of rolling, staining has caused the 
ferrite to etch bright and the pearlite to etch dark. After the 
dual-phasing treatment the conventionally etched an<J subsequently 
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Fig. 4.1. Optic®! micros true tures of* (a) as- received material; 

(h) homogenised material" 1 ; (c) 60% cold— rolled material 
(COO); (d) cold-rolled material dual-phase treated at 
810 C for 5 minutes (A05 ) and (e) cold— rolled material 
dual-phase treated at 8l0°c for 30 minutes (A30) . 



stained micros true ture s show regions with three distinct cont- 
rasts [Figures 4.1(c) and (d)]. The old ferrite is etched grey, 
the new ferrite bright and the dark-etching phase is martensite. 
The grains of the cold- deformed material, dual-phase treated at 
810°c for 5 minutes are finer than those treated at the same 
temperature for a longer period of time (30 minutes). The 
martensite is found to occur as islands along the ferrite grain 
boundaries. 

The scanning electron micrographs of the etched surfaces 
of the starting materials are shown in Figures 4.2(a) to (c) . 
These micrographs also delineate the martensite, the old and 
the new ferrite areas distinctly and give a better idea of the 
distribution of phases as compared to the optical micro structures 
because of the high resolution of the s.E.M. 

4.1.3 Microstructures of Thermally Cycled Materials 

Optical microstructures of specimens subjected to 
Type- I thermal cycling treatment are shown in Figures 4.3(a) to 
(£). Figure 4.3(a) shows that even after five cycles are given 
to the cold-worked material the effect of cold-work persists as 
incomplete recrystallization takes place. After ten cycles, 
the structure shows strain-free grains of ferrite with strings 
of martensite islands on the ferrite grain boundaries (Figure 
4.3(b)). The optical microstructures obtained for the dual- 
phase aggregate (produced by 5 minutes annealing at 810°c) after 
one and ten numbers of thermal cycling are shown in Figures 
4.3(c) and (d) respectively. Figure 4.3(c) shows more or less 
uniform ferrite grains with martensitic regions at the grain 
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Pig* 4.2. Scanning electron micrographs oft (a) 60% cold-rolled 
material (COO); (b) cold-rolled material dual-phase 
treated at 810°C for 5 minutes (A05) and (c) cold- 
rolled material dual-phase treated at 810°C for 
30 minutes (A30). 
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Pig, 4.3, Optical microstructures obtained by subjecting the 

initial materials to Type- 1 thermal-cycling treatment* 
(a) COO for 5 cycles (C0Q05); (b) COO for 10 cycles 
(C0010); (c) A05 for 1 cycle . (A0501bte)A05^r 

10 cycles (A0510) ; (e) A30 for 1 6E&lTO&l30(fcJlE Bmt 
| (f) A30 for 10 cycles (A3010). i i. T„ KANPUfl 
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boundaries. An aggregate of rather fine grains of ferrite are 
obtained after ten cycles (Figure 4.3(d)) together with a few 
rather large- size grains. Microstructures similar to the above 
have also been obtained after thermal cycling of the dual-phase 
structure produced by 30 minutes annealing at 810°c [Figure 
4.3(e) and (£)]. Clearly, a larger number of cycles leads to 
a perceptible decrement of the ferrite grain size. 

Figures 4.4(a) to (c) represent the scanning electron 
micrographs obtained from the etched and stained surfaces of 
all the three starting materials after Type- I thermal-cycling 
(ten cycles) . It is at once clear that the maximum ferrite- 
grain- refinement due to thermal-cycling has taken place for the 
dual-phase structure produced by 5 minutes annealing at 810°C. 

Figures 4.5(a) to (c) reveal optical microstructures of 
the initial starting materials subjected to the Type- 1 1 thermal- 
cycling treatment. In all these microstructures martensitic 
areas are found to be present along the grain boundaries of 
ferrite. Shere is not much difference in the ferrite grain 
sizes in these samples. However, in the original cold- worked 
sample, after ten cycles of thermal-cycling, the martensitic 
and ferritic areas are distributed in a rather uniform manner, 
similar features can also be seen in the corresponding scanning 

electron micrographs [Figures 4.6(a) to (c)]. 

The volume percent martensite present in the various 

thermally cycled specimens are given in Table 4.1. 

It is quite clear from this table that, for Type-I 
thermal-cycling treatment, higher number of cycles results in 



[o^) (&£ oo X) 




Pig. 4.4. Scanning electron micrographs obtained by subjecting 

the initial materials to Type- I thermal-cycling treat- 
ments (a) COO for 10 cycles (C0Q10); (b) AOS for 
10 cycles (A0510); and (c) A30 for 10 cycles (A3010). 
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Optical micro structures obtained by subjecting the 
initial starting materials to Type- II thermal-cycling 
treatments (a) COO for 10 cycles (2C0010); (b) A05 
for 10 cycles (2A0510); and (c) A30 for 10 cycles 
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Table 4.1 


Volume percent martensite in thermally-cycled samples 


Sample 

Average volume percent 
martensite present 

C0005 

7 

C0010 

16 

A0501 

20 

A0510 

16 

A3 001 

25 

A3010 

20 

2C0010 

16 

2 AOS 10 

22 

2A3010 

26 


an increase in the volume fraction of martensite for the ini- 
tially cold-rolled material. However, this behaviour is totally 
opposite in case of the materials which were given a dual- 
phasing treatment sub sequen t so cold— rolling, in general, for 
the same number of cycles, Type-ll treatment seems to produce 
a larger volume fraction of martensite. 

4.1.4 Results of Grain- s ize Measurements 

Tbe ferrite grain size distributions in the thermally 
cycled (Type-I) samples are shown in the form of histograms in 
Figures 4.? to 4.9. Figure 4.7 clearly indicates that thermal- 
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FIG. 4-7 GRAIN SIZE DISTRIBUTION IN THERMALLY CYCLED STEELS 






cycling up to a total of ten cycles does not produce any appre- 
ciable ferrite grain refinement. In contrast, for the initial 
dual-phase structure produced by intercritical annealing at 
810 c for 5 minutes, thermal cycling up to a total of ten cycles 
has definitely led to significant refinement of the ferrite 
grains (Figure 4.8} • The samples where the initial dual— phase 
structure was produced by annealing for 30 minutes at 810°c, on 
the other hand, did not respond in any meaningful way towards 
thermal— cycling, so far as grain-refinement is concerned (Figure 
4.9). 

Figure 4.10 shows the effect of Type- 1 1 thermal— cycling 
treatment on the three initial starting materials. As can be 
seen in this figure, thermal- cycling up to a total of ten cycles 
seems to produce a comparable ferrite-grain size distribution 

in all the three samples. 

4.2.1 M4 crohar dness 

Macroscopic hardness values were measured on the polished 
and etched surfaces of the thermally-cycled materials. It was 
observed that for the same senile, the hardness values showed a 
wide difference from place to place. This was nothing unusual 
since the samples examined had an essentially duplex structure 
containing soft ferrite and hard martensite. The hardness value 
measured, will naturally depend on the property of the exact 
location whore the indentations are made. 

It vts, therefore, decided to determine the microhard- 
nesa values on the ferritic phase alone in the, different samples. 
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This was done with an idea of finding out the hardness changes 
in ferrite due to the various thennal-cy cling treatments* The 
relevant roicrohardnesses of the ferrite phase in the different 
samples are presented in Table 4.2. 


Table 4.2 

Microhardness of ferrite phase for the thermally~cycled samples 


Sample 

i 

4 

1 

t 

1 

• - ,1 r-[r 

Microhardness (VPli} 

C0005 


272 

C0010 


174 

A0S01 


222 

A0510 


248 

A3 001 


263 

A3 010 


22S 

2C0010 


219 

2A0510 


224 

2A3010 


235 


Table 4.2 shows that, on an average, the ferrite phase 
hardness does not vary significantly for most of the samples. 
The siicrohardness for the CG005 sample is the highest, which is 
presumably due to fiie feet that the ferrite at this st^ge is 
not fully recrystallised { see Figure 4*3ia)J. After ten cycles, 
however, the siicrohardness of ferrite goes down draetioeily.. 




4.2.2 Tensile Properties 

A few tensile properties of the thermally cycled mater, 
ials. such as 0.2% proof stress. 1.0% proof stress, U.T.s. , 
total elongation percent and the strain-hardening exponent *n f # 
axe shown In a tabular form in Table 4«3* 


Table 4.3 

Tensile test results of the thermally cycled materials 


"1 

Sanple 

— — — — — » 

» « 

i • 

! 0.2% proof J 1% Proof 

! stress J stress 

(MPa) » (MPa) 

• 

U.T.S. 

(MPa) 

• " " ' « r " '■ 

Total J Strain 

elongation; hardening 

% J exponent 'n 

« 

C0 005 

355 

410 

573 

39.3 

0.186 

C0010 

225 

324 

613 

32.5 

0.271 

A0501 

384 

477 

569 

38.0 

0.134 

A0510 

274 

373 

553 

39.4 

0.260 

A3001 

291 

458 

538 

34*0 

0.134 

A3010 

320 

353 

546 

38.7 

0. 265 

2C0010 

337 

417 

566 

29.3 

0.178 

2A0S10 

403 

473 

628 

31.8 

0.172 

2 A3 010 

327 

399 

563 

25 e 2 

0.179 


Table 4.3 indicates clearly that, for the Type**! thermal- 
cycling treatment there is generally a decrease ©f the 0*2% and 
1% proof stress with increase in the total number .of cycles. 

There is a lone exception of this behaviour for the samples 
A3 001 and A3010 (0.2% proof stress). 3he U.T.s. values for all 



the thermally cycled samples do not show very significant diff- 
erences and, in fact, lie within a range s 550-630 MPa. The 
percentage elongation in all the samples is reasonably high, all 
greater than 30%. The value of the strain-hardening exponent, 

'n * has been found to be consistently low (n * 0.134 to 0*186) 
for lower number of cycles (one or five). The value of *n* 
however increases significantly when the number of cycles 
increase to ten (n * 0.26 to 0.27). 

A comparison of the effect of Type- II thermal-cycling 
treatment (a total of ten cycles) on the mechanical properties 
of the three starting materials are also included in Table 4.3. 
The U.T.S. values obtained in this case are not significantly 
different from the previous set. However, the ductility, as 
measured by percentage elongation values, is decidedly poorer 
here than in case of Type- I treatment. In addition, the *n' 
values are also found to be much inferior (around 0.17) as 
compared to that of the corresponding starting materials which 
were subjected to the Type- I thermal-cycling treatment. 

Figures 4.11 and 4.12 show the plots of true plastic 
stress ( o) versus true plastic strain (e) for all the thermally- 
cycled materials. The In c and In e values were calculated at 
different points along these curves and these were plotted, one 
•gainst the other, as shown in Figures 4.13 and 4.14. In all 
cases a single straight line could be seen to pass through most 
of the experimental data points. The slopes of these straight 
lines were carefully measured and the corresponding *n» values 
noted down. These values are shown at appropriate places in 
Figures 4. 13 end 4.14 and are also given in Table 4.3. 
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FIG 4 -12 PLOTS OF TRUE PLASTIC STRESS (<r) Vs. STRAIN (€ 
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•^ e 'Je versus e plots for the thermally cycled materials 
are given in Figures 4.15 and 4.16. A look at these figures 
immediately show that there is a common general feature in all 
the plots for the three starting materials subjected to the 
Type- I thermal-cycling treatment. For example, the plots for 
samples given the highest number of cycles (ten) always lie abov< 
the cor re spondlng plots for lower number of cycles (one or five), 
Not only that, the former also starts at a much larger value of 

-3 ft 

indicating that the strain-hardening rate is much higher in 
them to start with. This higher rate is maintained all through- 
out with increasing value of e . 

ja 

Figure 4 . 16 (b) shows that the — versus e plots for all 
the three starting materials subjected to ten cycles of Type- I I 
thermal-cycling treatment do not vary significantly one from 
the other. The rates of strain-hardening at any particular e- 
value in this case are much lower than in case of the Type- 1 
treatment. 

4.2.3 Study of Fractured Surfaces 

Figures 4.17(a) to (f) show the s.E.M. fractographs 
taken from the fractured surfaces of tensile tested samples 
which were previously subjected to Type-I thermal-cycling treat- 
ment. Essentially ductile fracture, characterised by a profu- 
sion of dimples, are obtained for the initially cold- worked as 
well as the sample given dual-phasing treatment at 810 °C for 
5 minutes (Figures 4.18(a) to (d)). For both these materials, 
higher number of thermal— cycles produce a Mich finer and uniform 
distribution of the diaries than the corresponding ones given 
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S.E.M. fractographs of tensile samples prepared fro 
Type- 1 thermally cycled materials s (a) COO for 5 c 
(C0005) t (b) COO for 10 cycles (C0010); (c) A05 for 
1 cycle (A0501) ; (d) A05 for 10 cycles (A0510)? (e) 

1 cvcle (A30Q1 ) g and (f) A30 for 10 cycles (A3C 
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lower number of cycles. 3ft is indicates more refinement of the 
structural units as the number of cycles increase. Compared to 
the above, the fractographs of the thermally-cycled samples, 
with initial dual-phasing treatment at 810°c for 30 minutes, 
show a rather mixed fracture mode, characterised by fine dimples 
as well as cleavages (Figures 4.17(e) and (f)). 

The S.E.M. fractographs from the fractured surf aces of 
sauries subjected to Type- II thermal- cycling treatment (ten 
cycles) are presented in (Figures 4.18(a) to (c)j. For the 
initial cold-worked sample, as well as the one subjected to dual- 
phasing treatment at 810°C for 5 minutes, the fracture surfaces 
are characterised by dimples of very fine size plus just a few 
cleavage facets (Figures 4.18(a) and (b)). The proportion of 
cleavage surfaces is much higher in the fraetograph for the 
sample which was given dual-phasing treatment at 810°c for 30 
minutes (Figure 4.18(c)). A fractured martensitic area can be 
seen lying at the centre of this photograph . Evidently, some 
amount of plastic deformation must have taken place before 
this martensitic area fractured. 

In many of the fractographs, a number of inclusions 
could be observed. An attempt was made to identify these as 
far as practicable. A typical inclusion is shown in Figure 4.18(c 
and the corresponding EDAX plot is presented in Figure 4.19. 

It is clear from this figure that the major constituent of this 
inclusion is vanadium. In all likelihood it is a carbide of 
vanadium since vanadium has a very strong affinity for carbon. 
Unfortunately, no carbon can be detected in the EDAX system. 
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Fig. 4.19. EDAX plot of the inclusion shown in Fig. 4.18(e). 


Mn and Si which are also present along with vanadium, may be 
occurring as substitutional solutes in the vanadium carbide. 


4.3 Results of Texture Analysis 

Figures 4.20(a) to (g) represent the (200) pole-figures 
from the texture of the various cold-worked and thermally- 
cycled materials. It is interesting to note that the textures 
of all these samples are remarkably similar. 

Figure 4.20(a) shows the (200) pole-figure from the 60% 
cold-rolled material. The texture is found to be rather weak 
here and consists of weak {111} <112> and {111} <110> components. 
In fact, the angular spread around the orientations is quite 
large, so that the components may also be described as consis- 
ting of {112} <110> and {113} <110>. In addition, few other 
components are also discern able. Overall, the texture in this 
sample is not very different from a random texture, the maximum 
intensity attained being only 1.6 times random. 

Figure 4.21 shows a few ideal orientations plotted in 
a (200) pole-figure for identification of the conqponents in 
the experimental samples. 

A study of all the (200) plots clearly indicate that 
there has been practically no change in texture either on giving 
the dual-phase treatments to the samples or by thermal- cycling 
them subsequently. 

Since O.D.F. 's offer a better resolution than pole- 
figures, a few O.D.F. *s were calculated from a number of experi- 
mental materials. These are shown in Figures 4.22(a) to (g) . 
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Fig. 4.20(c). (200) pole- 

figure of sample A0510. 
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SIEMENS xTEXii* 

Longitudinal Direction 



200 Pole figure 


(Symmetrised X 4) Fig- 4.20(e). (200) pole- 

figure of sample 2C0010. 


SAMPLE: 2C0010 DATE: 20-AUG-90 12: 15 
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200 Pole figure (Symmetrised x 4 ) Fi s* 4 . 20 (f). (200 j p °i®” n 

figure of sample 2A0510 


SAMPLE: 2A0510 
1 DENT.: RANJIT. K.RAY 

Contour levels: i.oo i. io 1.2c 1.30 i.40 1.50 1.60 


DATE: 17 -AUG -90 16:15 



83 



m 


200 Pole figure 

(Symmetrised x 4) 

Fig. 4.20(g) 
f ig ure 

. (200) pole- 

of sample 2A3010 

SAMPLE; 

2A3010 


DATE: 

14-AUG-90 17:22 

IDENT.: 

RANJIT. 

K.RAY 



Contour 

levels: l 

,00 l.iO 1.20 1.30 1.40 

1.50 1.60 





Fig. 4.22(a). O.D.F. of sample C0000 (jZ^ 
section) . 
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SAMPLE: A3010 CONST. ANGLE: PHI1 - 00,90.10 

LMAX » 22; MAX FN HT « 3.58; TSP » 0.71: J INDEX * 1.25 
CONTOURS: 1.0. 1.4, l.E. 2.2, 2.6, 3.0, 3.4, 








SAMPLE: 2C0010 CONST. ANGLE: PHI1 = 00,90,10 
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O.D.F. of sample 2A3010 



(jZL section). 
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SAMPLE: 2A3010 CONST. ANGLE: PHI1 = 00,90,10 
LMAX -22: HAX FN HT - 2.6B; TSP -0.59; J INDEX - 1.17 
CONTOURS: 1.0, 1.3, 1.6, 1.9. 2.2. 2.5, 








The Chkl] <uvw> values corresponding to the 0y 0, 0 2 values 
for the maxima in all these O.D.F. *s were found out [82]. These 
orientations are shown typically for the cold- worked material in 
Table 4.4. 

Some ideal orientations along with the corresponding 
0 0 t 0 2 values are also shown in Table 3.4 for ready reference. 

Although there are variations in the type and nature of 
orientations present in the O.D.F. * s of the different samples, 
the differences are only minor since the intensity values of 
most of them are rather low. In addition to peak type compo- 
nents no fibre components could be observed in any of the above. 

There is essentially no difference in texture as a 
function of the type of thermal-cycling performed. 



Table 4*4 


Orientation maxima in the O.D.F. of the cold-worked material 
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Table 4.4 (continued) 
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CHAPTER V 


Discussions 

The optical microstructures generated by subjecting the 
initial starting materials to Type- I I thermal -cyclic treatment 
[see Figures 4.5(a) to (c)] and their corresponding grain size 
distributions [Figure 4.10] reveal no difference in grain size 
even after ten cycles were given. When Figure 4.10 is studied 
it is obvious that the behaviour of the three initial starting 
materials remain essentially the same. The optical microstruc- 
tures [Figures 4.3(a), (b), (e) and (f)] produced by subjecting 
the cold- worked material and the dual -phase aggregate (got by 
30 minutes annealing at 810°C) to Type- I thermal-cycling 
treatment show no significant grain refinement with the incre- 
ase in the number of cycles. Ihis fact is also supported by 
Figures 4.7 and 4.9. But significant refining in grain size 
with the increase in the number of cycles fra® one to ten is 
visible in case of structures produced by treating the initial 
dual-phase material (got by annealing at 810°C for 5 minutes) 
to the Type- I thermal-cyclic treatment [Figure 4.8]. The 
optical microstructures of the just-mentioned thermal- cycled 
materials shown in Figures 4.3(c) and (d) also show this marked 
refinement. 

Thus, while studying the effect of thermal- cycling on 
the grain refinements as obtained by Type- I and Type- I I thermal 
cycling treatments, it is noticed that there is no significant 



difference between the two types of cycles excepting in the case 
of the initial dual-phase aggregate got by annealing the cold- 
worked material at 810°c for 5 minutes. From the results got, 
it can be said that the best thermal-cycling treatment for 
grain refinement is the Type- 1 thermal-cyclic treatment. Shis 
gives the best grain refinement when applied to the initial 
dual-phase material got by subjecting the 60% cold-deformed 
material to 5 minutes annealing in the in tercri tic al tempera- 
ture range (810°C). The optimum grain refinement as obtained 
with the above specifications is achieved by ten numbers of 
cycles. 

According to S.S. D’yachenko and co-workers [62], 
repeated heating and cooling in the temperature range between 
Ae^ and A© 3 causes a change in the ratio of phases in steel 
quenched after thermal-cycling as compared with heating and 
cooling only once. Also, as the number of cycles is increased, 
the quantity of martensite diminishes, the extent of this 
increasing with heating into the upper part of the intercri- 
tical temperature range. One of the reasons for this reduction 
as stated by them is a decrease in austenite stability. From 
Table 4.1 it is seen that this trend is followed by the Initial 
dual-phase structures subjected to Type- 1 thermal-cyclic treat- 
ment but not the initial cold-worked material. Mie martensite 
volume fraction of the thermally cycled structures generated 
by Type-II thermal-cyclic treatment are seen to be on the 
higher side for all the initial starting materials. Actually, 
the nature of evolution of the microstructure during thermal- 



cycling is not very clear and needs farther systematic study* 
Itoe problem becomes all the more difficult when the starting 
material has a duplex microstructure* This is specially true 
when the microcon s tl tuen ts are not totally independent of one 

another* but interdependent as in case of the dual .phase steels. 

* 

The deformation behaviour of the thermally cycled 
materials have been studied and the results tabulated in Table 
4*3* After theriaal-cycl ing , the steels are essentially having 
a dual-phase structure - soft ferrite and hard martensite. 

During tensile deformation of such a material, the initial load 
is taken up by the soft phase which plastically deforms, after 
some initial strain the load gets transferred to the hard phase 
which then starts deforming. A point is reached when the hard 
phase, whose def ormability is less than the soft phase, can no 
longer sustain the load and fails. The overall stress at that 
stage is sufficiently high, so when the particles of the hard 
phase breakdown, the surrounding soft phase can no longer 
sustain this load and therefore there is a catastrophic failure 
of the material after that [56]. 

On the basis of the above deformation model, it is not 
difficult to realise that the initial work-hardening rate for 
such a material will essentially depend on the characteristics 
of the soft ferrite phase, specially its strength. It is known 
that when a steel sample is kept within the (a + r) intercri- 
tical temperature range, there is partitioning of some of the 
elements to the a and some to the r phase. The present steel 
contains about CL 5% Si. Now, si is a known ferrite stabiliser 



and partitions to the ferrite phase when kept in the <* + r) 
^-ange [28j. Ihe Type-I thermal-cycling treatment essentially 
consists of heating in the (a + r) range, quenching, heating 
again to the same temperature in the (a + T ) range. Therefore, 
„ore number of cycles in the (a + r) range will lead to a 
greater chance for the SI and other elements to partition into 
the ferrite and austenite (martensite) phases, so, amount of 


Si present in the ferrite will increase as the number of cycle, 
increases. As a result, the ferrite will be stronger and 
therefore the strain-hardening will be more in this csss than 
in case of ferrite with a lower amount of the substitutional 
solute Si, obtained after a lower number of cycles. 16 

reflected in the higher lvalues obtained for the materials 
subjected to the larger number of cycles (Table 4.3). 

The ‘ni values obtained In materials subjected to the 
Type- 1 1 thermal-cycling treatment (same number of cycles) are 
quite low as compared to the corresponding materials given by 
the Type- 1 thermal-cycling treatment. This is not surprising 
sju.ee in Type-II treatment the first half of any cycle coneists 
o£ austenitising • Therefore, even if there has been a parti- 
tioning of Si amongst a and r in the second half of the pre- 
vious cycle (due to heating in the intercritical range), that 
affect get. removed during the first half of the next cycle. 

A „ , „. ul t of this the ferrite does not get the chance of 
accumulating sufficient -want of si at any stage to provide 
sufficient strengthening. This result, in a poor value of K 



The above reasoning also explains the behaviour of the 
versus s plots as a function of type and cycle of thermal- 
cycling treatment. 

The U.T.s. (Table 4.3) is found to be not much different 
in the thermally cycled materials* According to the law of mix- 
tures [20, 78, 79, 80, 81], the total strength of dual-phase 
steels can be given as: 

Total strength * v f S f + V m S m 


where « volume percent ferrite 

Vjb * volume percent martensite 

S f * strength of ferrite 

and * strength of martensite. 

From Table 4.3 it is seen that with higher number of cycles, 

V becomes lower. The strength of martensite is dependent 
mostly on the carbon content, not anything else. So the stren- 
gth of martensite (s ) remains practically unchanged. With 

m 

increase in the number of cycles, in case of Type- 1 thermal- 
cyclic treatment, the volume fraction of martensite (V^) 

(Table 4.3) decreases while the strength of ferrite increases. 


So increase in v_s components is compensated by the 

f f 

decrease in VS components. But as stated earlier, in case 
of materials obtained by Type-IX thermal-cyclic treatment the 
increase in the number of cycles makes the ferrite weaker. 

Also, the martensite volume percent in this case is found to be 
high (Table 4.1). Hence, in this ease al soothe decrease in V f s f 
components is compensated by the increase in components. 



Thus not much change is seen in case of the G.T.S. values of 
the thermally cycled structures. 

The volume percent of martensite in all the thermally 

cycled samples is within a maximum of ~25%* The remaining 

amount (i.e. >75%) is the soft ferrite constituent. Moreover, 

the martensite is arranged in the form of small globules. Mot 

only that, the Interface between the martensite and ferrite is 

coherent [50, 77], Therefore, it is easy to understand that 

# 

such a material should have a sufficiently high elongation 
since both the soft and the hard constituents can deform in a 
continuous manner giving rise to a high elongation value. 

The reasonably high ductility of these thermally 
cycled materials is also reflected in their corresponding 
fractographs which are typical of ductile materials. 

Texture results show clearly that the thermal-cycling 
process does not lead to any special crystallographic arrange- 
ment of the grains. Rather, it can be safely said that the 
texture remains almost unchanged from that of the initial cold- 
rolled material and, overall, it's intensity is low. The very 
fact that even after a large number of cycles the texture does 
not change, may mean that there is some kind of a texture memory 
effect in this material . That is, the material seems to remember 
it's original texture and retains the same even after repeated 
number of cycles. Such texture memory effects have also been 
found in other steels. The similarity in the textures of the 
thermally cycled (and therefore, recrystallized) materials 



and the c ol d- def ormed initial material also suggests that 
recrystallization of the structures takes place essentially 
by an in- situ mechanism whereby strain-free grains form from 
deformed regions of the same or nearly the same orientations* 
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CHAPTER VI 

Conclusions 

1. Among the Type- I and Type- I I thermal-cycling treatments 
given, Type-I thermal- cycling treatment leads to a better 
refining of the grain size. 

2. The initial starting material obtained by subjecting the 
60% cold-deformed material to intercritical annealing at 
810°C for 5 minutes responds most favourably towards 
grain refinement. 

3. A total of ten cycles of the Type-I treatment gives the 
best results of grain refinement. 

4. U.T.S. and percentage elongation are seen to be more or 

less same for all the thermally cycled materials irrespec- 
tive of the nature of initial starting material, the type 
of cycle and the number of cycles. 

5. Increasing number of cycles lead to a higher 'n ’-value in 
materials subjected to Type-I thermal- cycling treatment. 

6. The fracture of the thermally cycled materials is found 
to be mainly ductile in nature. 

7. The texture of the cold- worked materials is found to 
possess the two weak components 1111} <112> and {111 I 
<110>. However, the general intensity of the texture is 
rather low. 

There is essentially no difference in texture as a func- 
tion of the type of thermal-cycling performed. 
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Similarity of textures of the thermally cycled and cold- 
deformed initial materials also suggest that recrystalli- 
zation of the structures takes place essentially by an 
in-situ mechanism whereby strain-free grains form from 
deformed regions of the same or nearly same orientations. 
10. The material, on thermal- cycling by either of the cycles, 
seem to possess some kind of texture memory. 
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